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ABSTRACT 
Understanding gene regulation is necessary to gain insight into and model 
important cellular processes including disease. Current inability to combat many diseases 
is partly because of incomplete understanding of gene circuitry. Regulation mechanisms 
of Mycobacterium tuberculosis, the causative agent of Tuberculosis are not properly 
understood. Transcriptional regulatory network (TRN) is a network comprising 
transcription factors (TF) and their targeted genes that provide a powerful framework to 
analyze the complete regulatory system1'2. Chromatin immunoprecipitation followed by 
next generation sequencing (ChiP-Seq) is becoming the method of choice to identify 
genome wide TFBS3. Therefore, we use ChiP-Seq on known transcription factors to re-
construct the TRN of Mycobacterium tuberculosis (Mtb) and other bacteria. ChiP-Seq 
reveals various transcription factor binding sites (TFBS) but doesn't provide any 
information on the mechanism of regulation of the genes by their corresponding TF's. 
Techniques to gain more insight into the mechanisms include microarray, knock out 
studies and qPCR. But, these techniques provide a static view of network. Also, they 
provide information at RNA level and mask the regulation happening at protein level. 
Therefore, in order to understand both the mechanism of regulation at protein level as 
Vl 
well as to capture the network dynamics, we built a synthetic gene circuit in 
Mycobacterium smegmatis and defined input-output relationships between key TFs and 
their targeted promoters. We validated this system on kstR, a TF which is a known 
repressor. KstR regulates genes involved in cholesterol degradation and is shown to de-
repress itself and its regulon genes in the presence of cholesterol as well as in hypoxia, 
where there are no exogenous lipids4-6. We explored the possibility of other by-products 
that may be responsible for the de-repression of kstR and its regulon. The data suggests 
that propionyl-coA, a by-product from degradation of cholesterol, odd numbered fatty 
acids as well as branched chain amino-acids is causing the de-repression of kstR and its 
regulon. 
ChiP-Seq data on transcription factors in MTb as well as E.coli shows that many TFBS 
are located immediately upstream of open reading frame start sites, consistent with our 
understanding of prokaryotic gene regulation. However, the data also suggests that many 
TFBS are located inside and also downstream of open reading frames6. One of our 
hypotheses is that these novel TFBS might be indirect binding sites that mediate 
chromatin looping7. Therefore, we developed a method 3C (Chromosome Conformation 
Capture) to understand the regulation in the third dimension by analyzing the 
chromosomal interactions. We optimized the protocol in E.coli and validated using a 
known interaction mediated by a repressor GalR 8. We then identified two regions, 20 kbp 
apart, containing TFBS of StpA, a nucleoid associated protein, which are not directly 
involved in gene regulation of their downstream genes. The data from a 3C experiment 
on an E.coli strain with inducible StpA suggests that these two regions interact by an 
Vll 
unknown mechanism. However, the interaction was not lost when a similar experiment is 
done in StpA knock out strain suggesting that StpA may not be a sole TF responsible for 
this interaction. Lastly, we developed Hi-C method on E.coli genomic DNA to identify 
long range interactions in a genome wide and unbiased manner. 
Vlll 
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BACKGROUND AND SIGNIFICANCE 
TUBERCULOSIS 
Mycobacterium Tuberculosis (MTb) is a causative agent of one of the most common 
infectious diseases, tuberculosis. MTb is a successful pathogen. According to WHO, one-
third of the world's population is infected with latent Tb (Figure 1). Over their lifetime, 
there is 5-l 0% risk that an infected individual can develop Tb with a regional variation 
that is impacted by HIV infection9. The bacilli in these individuals serve as a vast 
reservoir for future infections. 
Estimated TB Incidence rates, 2012 
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Figure 1: Global incidence rate of tuberculosis 
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The progression of the disease is determined at the level of the infection site itself. After 
the bacterium enters into a macrophage and triggers the host cell, the host responds by 
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remodeling the site of infection into a cellular mass called as the tubercle or granuloma. 
Infection with MTh follows a well-defined sequence of events. The infectious bacilli are 
inhaled as droplets from the atmosphere and exhaled droplets are known to remain in the 
atmosphere for several hours and the infectious dose is estimated at a single bacterium. 
The bacteria in the lung are then phagocytosed by alveolar macrophages and induce a 
localized pro-inflammatory response that leads to the recruitment of mononuclear cells 
from neighboring blood vessels (Figure 2). The granuloma, signature of Th consists of 
these cells, infected macrophages and foamy macrophages with a mantle of lymphocytes 
in association with a fibrous cuff of collagen and other extracellular components that 
defines the periphery of the structure. This is the containment phase of infection where 
there are no signs of the disease and there is no infection to others. In later stages, the 
number of blood vessels in the granuloma decreases markedly and histological studies 
show that the center of the granuloma is hypoxic. Containment fails when the host is 
compromised, which is usually a consequence of old age, malnutrition or co-infection 
with HIV i.e. any condition that reduces the number of CD4+ T cells. In such conditions, 
the granuloma ruptures and spills thousands of viable, infectious bacilli into the airway. 
This results in the development of a cough that facilitates aerosol spread of infectious 
bacilli 10 . 
During latency, MTh exist in non replicating state and are confined to granulomas that 
consist of aggregates of different host immune cells with very low metabolic activity11 ' 12• 
MTh must adapt to a low oxygen environment inside the macrophage where the primary 
carbon sources are lipids and cholesterol. It is believed that the bacterium survives on 
3 
lipids and cholesterol inside macrophages during infection13 . MTb survives hostile 
macrophage environment that is nutrient poor, hypoxic, nitrosative and oxidative by 
accumulating mycolic acids and fatty acids14. The ability to adapt to these various 
conditions in the host is one of the major reasons for the bacterium to be a successful 
pathogen. This adaptation is the result of coordination of gene expression via the 
transcriptional regulation15' 16. The regulatory mechanisms underlying these adaptations 
are largely unknown. Function of only a handful of transcription factors are known and 
direct DNA binding data exists for a very few TFs. There is no comprehensive 
understanding of these cellular changes and adaptations. Most of the studies are focused 
on specific molecular components and it is difficult to integrate with results from other 
studies6. To address these biological complexities, systems approaches are sought to 
comprehend the current Tb epidemic as a whole and predict its future trajectory. 
SYSTEMS BIOLOGY APPROACH 
Systems biology is an approach to understand, explain and predict biological phenomena 
that arise from dynamic interactions of several components such as molecules, cells, 
organs or whole organisms17• The framework of systems biology has mathematical 
modeling and simulation to complement traditional experimental approaches. These 
models and simulations provide specific predictions that are validated using experimental 
approaches. The experimental response further enables the refinement of the models and 
simulations. This iterative development of models and experiments is a key feature of 
. h 1718 systems-bwlogy approac ' . 
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Figure 2: The pathology of the granuloma 
A) Infectious bacilli are inhaled and phagocytosed by alveolar macrophages 
B) mononuclear cells are recruited C) Macrophages, foamy macrophages, 
lymphocytes came together along with blood vessels D) granuloma is fonned E) 
release of mycobacteria (Adapted from Russel1200710) 
Young et al. explores systems-biology approach using TB as an example of persistent 
infection in a review19. TB highlights the importance of temporal scale. When compared 
with other diseases, the timescales involved in TB are long. Figure 3 shows different 
steps involved from the time MTb is transmitted to an individual till the time it shows a 
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symptom and the time scales for each step. To link these events that occur over such 
timescales with molecular and cellular events that occur in minutes or hours cannot be 
achieved by conventional microbiological or immunological experimental approaches, 
considering different spatial scales and challenges in integrating spatial and temporal 
scales. 
Elimination Elimination 
of bacteria of bacteria 
Tcell / 
Years- deades 
Re-infection 
and 
re -activation 
Elimina.ticn 
of b<1c te ria 
l atent fB 
Act ivt<' TB 
Nllture Revi-s I Microbiology 
Figure 3: Temporal scales in tuberculosis infection 
Primed T cells migrate to lung over period of weeks; Pathogenesis and disease evolve 
over a timescale of years or decades. 19 
To overcome these challenges, a multi scale systems biology approach is used. This 
approach may be used at different levels starting from population to individual, immune 
system, cell and further down to tissue. A large proportion of recent efforts are focused 
on molecular systems biology. The data on the abundance of various classes of molecules 
such as mRNA, proteins and metabolites from genome wide is integrated to understand a 
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coherent picture of cellular behavior. The approach can be either from pathogen or the 
host perspective. Galagan et al. 20136 has performed a systems analysis of the MTb 
regulatory and metabolic networks with an emphasis on hypoxic conditions. Their 
systems approach is composed of ChiP-Seq (to map transcription factor binding sites), 
transcriptomics (to understand the gene expression), proteomics (large scale study of 
proteins), metabolomics (analyzing several metabolites) and lipidomics (analyzing 
several lipids) in Mycobacterium tuberculosis (Figure 4). To this end, chromatin 
immunoprecipitation followed by sequencmg (ChiP-Seq) usmg FLAG-tagged 
transcription factors episomally expressed under control of a mycobacterial teh·acycline-
inducible promoter. RNA-Seq was also performed on these constructs to test the degree 
to which the observed binding correlated with the expression. The data was further used 
to develop models to predict gene expression. Using this data, regulatory network was 
constructed. To assess the changes in the regulatory network associated with hypoxic 
conditions, systems level lipidomic, proteomic, metabolomic and transcriptomics 
profiling ofMTb was performed in hypoxia andre-aeration conditions. 
TRANSCRIPTIONAL REGULATORY NETWORK OF MYCOBACTERIUM 
TUBERCULOSIS 
The genome of MTb encodes 13 RNA polymerase Sigma factors, 30 two component 
regulators, 14 protein kinases or phosphatases and > 140 transcriptional factors and the 
collective action of these dictates various cellular processes by regulating the expression 
of key metabolic genes and structural elements in the bacillus. Such complexity is 
consistent with sophisticated machinery for a detailed infection process20 . Transctiption 
7 
factors and genomic targets that they directly bind constitute transcriptional regulatory 
network (TRN). The connectivity of gene networks allows bacteria to coordinate 
molecular processes during adaptation to new environments. However, the molecular and 
systemic mechanisms underlying the pathological success of the bacillus are largely 
unknown. Most of the studies have focused only on changes in the expression of 
individual TF and genes regulated by it. The interactions between different regulators 
necessary for complex behavior have not been studied21• Recent advances in molecular 
and computational biology have made possible the study of intricate transcriptional 
regulatory networks that describe gene expression as a function of regulatory inputs by 
interactions between proteins and DNA. Since the transcription is controlled at many 
levels such as post-translational modification of factors, specific interactions with co-
activators, thermodynamics of protein-protein and protein-DNA interactions, gene 
regulatory network should not only represent TF-DNA interactions but also the factors 
that modulate these interactions biochemically. 
) 
Upldomlcs 
[ Compu~ onal Regulatory and Metabollc Network Modeling ) 
Figure 4: Comprehensive profiling for tuberculosis 
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The transcriptional regulatory network has gained much attention in the past decade 
because of the development of high-throughput genomic approaches and an array of 
computational tools. In addition to the tools, the process of gene expression is often the 
primum mobile, the origin and effector of a response wherein the information contained 
within a genome is interpreted and then used to produce proteins required for a given 
response 22 . 
It is also important to understand the topology of a network and how it changes with time 
or environmental conditions since not all nodes are active at the same time. To 
understand the dynamics and topology, we need to evaluate the identity and expression 
level of interacting nodes, how interactions change with time and the phenotyping impact 
of disrupting key nodes. The approaches that have been used to the understanding of the 
regulatory networks are genome-wide expression profiling, the combination of chromatin 
immunoprecipitation with promoter DNA microarrays (ChiP-on-chip) and genome wide 
RNA interference (RNAi) screens. These methods identify direct target genes under a 
given set of conditions23- 27 . Other innovations include the indirect assessment of 
transcription rate by measurement of mRNA decay rates28- 30 and the evaluation of 
promoter co-occupancy by pairs ofTFs31 . Figure 5 shows a powerful approach to study 
transcriptional factor regulatory network. 
The above methods however face several limitations such as high accuracy, whole-
genome completeness and high binding site resolution. Data quality and depth issues are 
very important to infer the network with certainty and comprehensiveness and if the data 
can be used to discover binding site motifs by computational methods. Another challenge 
9 
in genomes is to map factor-binding sites with high positional resolution. In addition to 
this, it also dictates the quality of regulatory site annotation relative to other gene 
landmarks such as transcription start sites, enhancers, introns and exons and conserved 
non-coding features32• If high quality protein-DNA interactome measurements can be 
performed at a reasonable cost, the interactome dynamics in response to signaling stimuli 
or genetic mutations can be studied properly. To address all these issues, Johnson DS et 
al. 200733 has introduced an ultrahigh-throughput DNA sequencing called as ChiP-Seq to 
gain sampling power and applied size selection on immune-enriched DNA to enhance 
positional resolution. 
CHROMA TIN IMMUNOPRECIPITATION-SEQUENCING (ChiP-Seq) 
ChiP-Seq, a teclmique combining immunoprecipitation and next generation sequencing is 
used to identify genome wide transcription factor binding sites (TFBS)34,35. A map of 
binding sites for transcription factors, core transcriptional machinery and other DNA-
binding proteins is important to discover gene regulatory networks that underlie several 
biological processes36. The data generated by ChiP-seq allows developing a framework 
for networks describing the transcriptional regulation. The data is often higher in 
resolution, less noise and has greater coverage when compared to ChiP-chip. ChiP is a 
first step and is performed on a population of cells ranging from 104 to 107 cells37. In this 
method, cells are initially treated with a cross-linking agent, formaldehyde to covalently 
link the DNA- binding proteins to chromatin. The cells are then lysed and subsequently 
sonicated to produce sheared chromatin complexes. An antibody specific to the protein of 
interest is then added to the sonicated material and complexes of DNA and protein of 
10 
interest are isolated via irnmuno-precipitation. The antibody can either be selected to 
recognize the native protein or to recognize an epitope that is genetically engineered into 
the protein sequence. DNA fragments which are obtained by reverse cross-linking the 
complexes are then sent for sequencing to generate reads from the ends of the fragments. 
Sequencing reads are aligned to the corresponding genome sequence and genomic 
locations from which the DNA fragments are derived are identified as regions that are 
over represented with aligned reads (Figure 6). An older technology, called ChiP-ChiP, 
uses hybridization to a microarray to identify the location of DNA fragments3. 
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Figure 5: Approaches to decipher transcriptional regulatory network 
Blue boxes indicate experimental approaches and yellow boxes indicate the knowledge 
obtained22, 
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In an ideal case, only genomic regions bound by the protein of interest would display 
read coverage. In reality, DNA fragments will be non-specifically isolated and sequenced 
as well resulting in background coverage of reads aligning across the genome sequence. 
To assess this coverage, control experiments are typically used. Several different types of 
controls can be utilized that assess different processes giving rise to background coverage. 
One of the frequently used controls includes every step of the ChiP process except of the 
addition of primary antibody. This experiment controls for the non-specific binding of 
DNA in the immunoprecipitation step. In the second control experiment, the primary 
antibodies (used against genetically tagged proteins) are used for performing ChiP 
against the strains that lack the genetic tag. This experiment assesses the degree to which 
the antibody recognizes non-specific targets. Sequencing of the DNA from these control 
preparations will serve as a baseline for the analysis of the reads from actual experiments. 
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Figure 6: Protocol for ChiP-Seq in Mycobacteria 
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Galagan et al. 20136 has ChiPed 50 transcription factors and mapped regulatory network 
in Mycobacterium tuberculosis (Figure 7). The network consists of 2704 genes, 
including 141 transcription factors and 5387 TF-gene interactions based on 9865 binding 
sites from 6485 regions of enrichment. Nodes represent genes and red nodes are 
transcription factors. Edges indicate links between transcription factors and genes based 
on ChiP-Seq binding. The size of the TF node is proportional to the TF out degree. A TF-
target gene link is included if the TF has a binding peak in either upstream or downstream 
intergenic regions for the target gene or in the gene itself. Links were also included for 
peaks in upstream genes if the peak was within 500 bp of the target gene and the 
interaction has a z-score> 1. Only binding peaks greater than 1% the height of the 
maximum peak for each TF were utilized 6. 
Figure 7: Transcriptional regulatory network of Mycobacterium tuberculosis 
The network is based on ChiP-Seq binding and TF induction expression data for 50 TFs. 
Nodes represent genes and red nodes are TFs. Edges indicate links between TFs and 
genes based on ChiP-Seq binding6 
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DISTRIBUTION OF TRANSCRIPTION FACTOR BINDING SITES IN MTB 
GENOME 
The canonical model of bacterial transcriptional initiation focuses on the role of TF 
binding in the proximal promoter region. However, ChiP-Seq mapping of over 119 TFs 
in MTb confirms that binding is enriched in promoters. But surprisingly, the majority of 
binding events occur outside of promoters. These binding sites are highly reproducible 
and can also be identified at physiological levels of TF expression. Figure 8 shows the 
distribution oflocation of binding sites in MTb . 
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Figure 8: Distribution of binding site locations from MTb-ChiP-Seq data. 
Top panel shows an example region illustrating binding for the MTb TF KstR. Bottom 
panel shows distribution ofbinding site location for 49 MTb TFs7. 
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The top panel in Figure 8 shows a region of genomic DNA with different binding 
patterns for a transcription factor KstR. Binding occurs in genic and inter-genic regions 
both upstream and downstream and also within the gene. The bottom panel shows 
distribution of these different binding patterns across 49 transcription factors in MTb. 
Plausible explanations for different binding patterns are mentioned in the chapter 
"Chromosome Conformation Capture" of this thesis. 
DYNAMICS OF TRANSCRIPTIONAL FACTOR REGULATORY NETWORKS 
Regulatory networks constructed using ChiP-Seq are static. But these networks are 
extremely dynamic and adapt rapidly to changing environments. To investigate the 
changes in the topology of the network across different conditions, gene expression data 
is integrated with the static regulatory network to obtain condition specific sub-
networks38. However, it is difficult to assess the true contribution of a single network 
motif or its individual components to the observed dynamics and behavior. Another 
approach to analyze the dynamic properties of a network motif is to use mathematical 
models with well-defined parameters. But the biological significance is limited if the 
predictions cannot be validated experimentally. To overcome these limitations, synthetic 
biology is used to create simple gene circuits. One can quantify the dynamics by 
perturbing the gene circuits created using synthetic biology. By using this approach, one 
can examine the dynamics of a motif in relative isolation from other cellular processes 
and draw conclusions by reducing interference of complex network hierarchies and 
unknown regulatory elements. Also, in contrast to pure modeling analysis, a synthetic 
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system functions well within a biologically feasible parameter space and offers additional 
evidence that the properties are biologically relevant 39 . 
Now that the systems biology has used a top-down approach to study and build an entire 
large scale gene network with the goal of obtaining an integrated understanding of 
genomic function, it is now important to apply synthetic biology and take a bottom-up 
approach by studying simplified gene networks consisting of one or few genes and 
understand the mechanisms that govern gene regulation 40,41 . 
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SYNTHETIC PERTURBATION SYSTEM TO VALIDATE INTERGENIC TFBS 
INTRODUCTION 
Synthetic perturbations 
The first step towards taking a bottom-up approach is to charactetize the link between 
two nodes in the regulatory network built by ChiP-Seq. ChiP-Seq on a transcription 
factor reveals several TFBS. It doesn't provide the functional information on how that 
particular TF regulates the transcription of a gene. Transcriptomic analysis on RNA, 
expression measurements in knock out strains, microarrays are used to associate binding 
with transcriptional regulation. However these methods are time consuming, expensive 
and only provide a static view of regulatory network. Since all these measurements are 
happening at RNA level, they are masking the regulation happening at protein level. Also, 
it is difficult to assess the true contribution to the changes in gene levels. Network 
dynamics will provide a comprehensive understanding of temporal adaptations. When 
studied in isolation by building gene circuits, the contribution of a TF on a gene it 
regulates will be clear. Therefore, we will study the dynamic input-output relationships 
between key TFs and their targeted promoters using a synthetic gene circuit. 
Inducible systems for gene expression 
Expression of exogenous genes provides lot of information on the function of an encoded 
protein or in determining the role of putative regulatory region. In most of the cases, it is 
desirable and essential to use an expression system that can be controlled by the 
experimenter. In such cases, the use of inducible systems would be helpful and the gene 
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expression can be turned on or off at will. The ideal inducible system should have several 
features. Firstly, the gene expression should be tightly regulated and there should be no 
leaky expression that can obscure experimental results or have deleterious effects on the 
organism. The basal expression should be low. Secondly, gene expression should be 
induced to high levels so as to obtain a physiological response. Also, the induction should 
occur only when the inducer is present and it should be very specific to the target gene. 
The inducer should be non toxic and shouldn't alter the expression of endogenous genes. 
Thirdly, the system should be fully reversible such that the expression of the gene can be 
turned on or off at experimenter's will 42 . 
There is a wide variety of inducible expression systems that have been designed for 
Gram-negative bacteria. But it has proved to be very difficult to adapt them to 
Mycobacteria because they belong to a class of high G+C Gram-positive bacteria known 
as actinomycetes. There are few genetic tools that are available for actinomycetes and 
those seem likely to be adaptable for use in mycobacteria. There are three available 
systems so far: Tetracycline responsive element derived from corynebacteria, Nitrile 
responsive element derived from Rhodococcus rhodochrous and Thiostrepton responsive 
element derived from Streptomyces lividans. Table 1 shows a comparison of inducible 
expression systems in Mycobacteria43 . Based on the inducible and titratable properties of 
TetR, we decided to use the Tet inducible system in this study. 
Tetracycline inducible system 
Erht S et al. 200544 developed an inducible system in fast and slow growing mycobacteria 
using anhydrotetracycline (ATe) as inducer. This system based on E.coli Tn 10-derived 
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tet regulatory system consists of a strong tet operator (tetO) with mycobacterial promoter 
and a TetR repressor binding region. In the absence of A Tc, TetR tightly binds to tetO 
and prevents the transcription of TetR regulated genes. Upon addition of ATe, it binds to 
TetR and induces a conformational change resulting in dissociation of TetR from tetO 
and thereby induces the expression ofTetR regulated genes. 
Here, we use Tet inducible system to control the levels of gene expression. The circuit 
consists of fusion of ORF's of TF and GFP under an artificially inducible Tet promoter 
and the targeted promoter fused to RFP. We use tet inducible system to generate a step 
input (measured by GFP) and observe the response (measured by RFP). A schematic of 
the perturbation system is shown in Figure 9. 
Table 1: Comparison of inducible expression systems in Mycobacteria 43 
pNIT pTET pTSR 
Regulator NitR TetR TipAL 
Regulatory Mechanism Allosteric Allosteric Repressor Allosteric 
activator Activator 
Inducer E-Caprolactam Anhydrotetracycline Thiostrepton 
Inducibility >100-fold >100-fold 25-fold 
Maximal Expression ++++ +++ ++ 
Titratable in Single cells? Bistable Titratable Unknown 
Inducible during + + Unknown 
macrophage infection 
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Input ATe + GFP Output RFP 
t 
• TetR 
:~w 
Figure 9: A schematic representing the synthetic perturbation system 
Transcription factor fused with GFP is under control ofTet promoter. Tet repressor 
(TetR) prevents the transcription of the TF. Upon addition of ATe, the inducer, TF is 
expressed which then regulates the regulon genes fused with RFP. 
Transcription Factor, KstR 
The Mycobacterium tuberculosis TetR-type regulatory KstR (Rv3574) has been 
implicated in pathogenesis, induced in vivo and shown by the genome-wide essentiality 
studies that it is required for infection. This gene is highly conserved in the mycobacteria. 
Kendall et al. 200716 performed real-time quantitative polymerase chain reaction and 
microarray analyses on MSMEG_6042 knock out, an orthologue of Rv3574 in 
Mycobacterium smegmatis. It was observed that KstR represses the transcription of both 
itself as well as a large number of genes involved in lipid metabolism. 
Lipid metabolism plays a very important role in the pathogenesis of MTb. Mycobacteria 
and other prokaryotes are able to use fatty acids as a sole carbon source via f3-oxidation 
and these pathways are thought to be very important for the survival of MTb in vivo 45,46. 
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Cell wall lipids in addition to fatty acids as a carbon source during infection plays a 
variety of roles in pathogenesis47'48 . The catabolized cholesterol is used as an energy 
source and also as a source of precursor molecules for the synthesis of methyl-branched 
fatty acids. Cholesterol and other fatty acids are thought to be serving as carbon sources 
during infection because of the observation that enzymes involved in fatty acid 
degradation are induced during infection49- 53 . Also, the deletion ofthe genes involved in 
fatty acid metabolism causes severe attenuation in disease models46'54'55 . Kendall et al. 
200i 6 showed that kstR is a repressor and regulates the expression of a large regulon 
involved in cholesterol degradation and lipid metabolism in mycobacteria. Under hypoxic 
condition, Galagan et al. 20136 showed the strong induction of genes associated with 
lipid catabolism and cholesterol degradation. Interestingly, kstR, a transcriptional 
repressor is also found to be induced. KstR derepression occurs during growth on 
cholesterol56 . However there was no cholesterol or other exogenous lipids in the medium 
thereby suggesting that there are additional factors or mechanisms that actively inhibit 
kstR-mediated transcriptional repression during hypoxia. 
To study additional factors and to explore mechanisms that may be responsible for kstR 
de-repression, we proposed to use the above proposed synthetic circuit to first validate 
the regulatory interactions of kstR and then study the impact of cholesterol, fatty acids 
and other by-products that may be common for cholesterol degradation as well as 
degradation of other carbon sources in the media on the regulation ofkstR and its regulon 
genes. One of the by-products of cholesterol and other carbon sources such as fatty acids 
and amino acids is propionate. It is also worthwhile noting that Mtb is predicted to 
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survive on alternative carbon sources during persistence within the human host. Since 
propionyl-coenzyme A (CoA) is a common by-product of catabolism of odd- and 
branched-chain fatty acids, branched-chain amino acids, it is one of the many moleculaes 
that we tested for kstRde-repression57. 
Detoxification of propionate-Propionate metabolism pathways: 
Propionate is a precursor in lipid biosynthesis and is toxic if accumulated. Therefore, we 
looked into the metabolism pathways of propionate and analyzed the possible by-
products that may be responsible for kstR de-repression. Methylcitrate cycle is a well 
characterized pathway for propionate metabolism. In addition to this pathway, Mtb 
genome contains a complete methylmalonyl pathway, including a mutAB-encoded 
methylmalonyl-CoA mutase that requires a vitamin B12-derived cofactor for activity 
(Figure 10). Galagan Jet al. 2013 6 also shows that propionate and 2-methylcitrate, toxic 
intermediates, accumulate under hypoxia conditions which is more of a reason to test 
them for kstR de-repression. 
METHODS 
ChiP-Seq on a transcription factor identifies many binding sites. But, it doesn't give any 
information on the regulation and functionality of each binding site. Here, we will 
develop a synthetic perturbation system consisting of fusion ofTF and GFP, cloned under 
artificially inducible promoter and promoter region, containing the binding site, fused to 
RFP. By perturbing the transcription factor and measuring the expression levels of GFP 
and RFP, we aim to understand the regulation by the transcription factor on the desired 
promoter region. 
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Figure 10: Predicted pathways of propionate metabolism in M.tuberculosis 
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Methylcitrate cycle pathway on the left and Methylmalonyl-CoA pathway on the right for 
propionate metabolism. Propionate is a by-product of catabolism of alternative carbon 
sources including odd- and branched-chain fatty acids, branched-chain amino acids and 
cholesterol 57• 
The perturbation system is built in one of the following ways: 
1. Replicating vector with TF fused to GFP and a replicating vector with promoter 
fused to RFP. 
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2. Integrating vector with TF fused to GFP and a replicating vector with promoter 
fused to RFP. 
Here, the perturbation system is developed for a TF kstR, a known repressor. 
Cloning of ORF of kstR-GFP fusion in pUVTet replicating vector 
We will clone the ORF of fusion ofkstR-GFP under the control oftetracycline inducible 
promoter. pUVTet vector developed by Sabine E et al., 2005 is a replicating plasmid. It 
has Tet repressor (TetR) and Tet promoter (TetO) components along with colEl (E.coli 
origin of replication), oriM (mycobacterial origin of replication), hygR (hygromycin 
resistance gene) and has three unique restriction sites pacl, pstl and EcoRV. We used 
Pacl and Pstl to clone the ORF ofkstR-GFP fusion. To create a fusion between kstR and 
GFP, we designed primers to amplify coding region of kstR (Forward Primer: Pacl; 
Reverse Primer: Xmal) and coding region of GFP (Forward Primer: Xmal; Reverse 
Primer: Pstl). The amplified products ofkstR and GFP were digested with Xmal and then 
ligated together. The ligated product was amplified using Forward primer of kstR and 
Reverse primer of GFP to obtain kstR-GFP fusion product. The fusion product was 
digested with Pacl and Pstl and then cloned between Pacl and Pstl sites of pUVTet vector. 
The resulting vector is shown in Figure 11. 
Cloning of kstR-GFP fusion sequence, TetR, TetO in pmv306 integrated vector 
We used an integrating vector pmv306 to integrate TetR, TetO and ORF of kstR-GFP 
and developed Tet integrated plasmid. pMV306 has hygR, int (integrase gene), oriE 
along with multiple cloning site (MCS). We used Clal and EcoRV to clone tetR gene 
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under the control of PtB21 promoter; Hpal and Pvul to clone TetO-kstR-GFP. We 
designed two sets of primers (Forward Primer: Clal; Reverse Primer: EcoRV), (Forward 
Primer: Hpal; Reverse Primer: Pvul) to amplify PtB21-TetR gene and TetO-KstR-GFP 
using the vector built in Fig 3 as a template respectively. The resultant vector is shown in 
Figure 12. 
CoiE1 7875...8408 
Tet021-31J 
383 Pacl (1) 
hygR 6461 - 7461 
tetR 5731 - 6361 
-.:---. kstR-GFP 391 - 1 ng 
~ 1780Psti (1) 
kstR-GFP-pUVfet 
8649 bp 
MYC'!ORI2739-5213 
Figure 11: KstR-GFP fusion sequence cloned in pUVTet vector between Pacl and 
Pstl sites 
Cloning ofpromoter-RFP fusion sequence in pMV261 replicating vector 
We used a replicating vector pMV261 to clone kstR promoter fused to RFP. The vector 
pMV261 has kanR (kanamycin resistance gene, oriE, oriM along with MCS. We used 
Acll and EcoRI to clone the promoter region and EcoRl and Xbal to clone RFP. To 
create a fusion between the kstR promoter and RFP, we designed primers to amplify the 
promoter region (Forward Primer: Aclii; Reverse Primer: EcoRI) and coding region of 
RFP (Forward Primer: EcoRI; Reverse Primer: Clal). The amplified products of promoter 
and RFP were digested with EcoRI and then ligated together. The ligated product was 
25 
amplified using Forward primer of kstR promoter and Reverse primer of RFP to obtain 
promoter-RFP fusion product. The fusion product was digested with Acll and Clal and 
then cloned between Acll and Clal sites ofpMV261 vector. The resultant vector is shown 
in Figure 13. 
kstR-GFP 5255- 6643 
Teto 4885-51n 
att284...326 
Tet-int-kstR-
GFP 
6762 bp 
oriE 3076-3864 
Figure 12: KstR-GFP fusion sequence cloned in an integrating vector 
RFP 4424 • ..5119 
kstR promoter 4152-4414 
OriM: 2024- .3935 
kstR Promoter-
RFP-pMV261-
Kan 
5248 bp 
OriE 1322-1855 
Figure 13: Fusion ofKstR promoter and RFP cloned in pMV261 replicating vector 
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Validation of regulatory interactions of KstR, a known repressor 
We used one of the two systems built above to study interactions between kstR and the 
promoter regions known to be regulated by it. The plasmids were transformed to kstR 
knock out strain of M.smegmatis. 
KstR knock out strain of Mycobacterium Smegmatis 
Since the first transcription factor we are interested in is KstR, we made a KstR knock 
out strain of Mycobacterium Smegmatis. The KstR gene was replaced with zeocin 
resistance gene. The zeocin gene flanked with 1 kb upstream and downstream regions of 
kstR was cloned in 1351 recombinant vector. This clone was then transformed into 
Mycobacterium Smegmatis and selected for the knock out strain. 
Induction protocol 
The vectors with transcription factor fused with GFP and promoter fused with RFP were 
transformed into Mycobacterium Smegmatis with KstR gene knocked out from genomic 
DNA. The strain was grown in 7H9 media supplemented with ADC and 0.05% tween to 
an O.D of 0.5. The cells were then split into two flasks. 125 ul of cells from each flask 
were loaded into 96 well flat, clear bottomed plate and fluorescence measurements were 
taken using a plate reader. The excitation and emission wavelengths used for GFP and 
RFP are 485-515 nm and 585-610 nm respectively. Two measurements of ~1 hr apart 
were taken and then Ate (50 ng/ul) was added to one of the flasks with the other one 
being a control. The fluorescence measurements were taken every ~90 min. 
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Isolation of RNA 
The cells were grown to an O.D of 0.5. They were then centrifuged at 3500 rpm for 5 
minutes. The pellet obtained was resuspended with 1mL of Trizol. The mixture was 
moved to a tube containing zirconia beads. Cells were lysed at 6000 rpm for 45 sec four 
times with cooling between each cycle. After centrifugation, the supernatant was taken to 
a new tube and 500 J.ll of chloroform was added. The tubes were vigorously shaken for 1 
min and were kept at room temperature for 3 min. After another round of centrifugation, 
the aqueous layer is moved to anew tube and isopropanol was added. The tubes were kept 
at -80°C for 30 min. Nucleic acids were obtained by centrifuging the tubes at 13000 rpm 
for 15 min at 4°C. The pellet obtained was washed with 75 % cold ethanol. After the 
ethanol is dried out, the pellet was suspended in RNase free water. The nucleic acids 
were then treated with DNase for 1 hr at 3TC and further cleaned up using RNA 
purification kit. 
Reverse Transcriptase-Polymerase Chain Reaction (RT-PCR) 
RNA obtained from desired strain (1 00 ng) is reverse transcribed and amplified using 
gene specific primers (one-step RT-PCR) to generate SYBR green labeled PCR products 
using C1000 Thermal Cycler (Bio-rad). The reaction conditions are 50°C (10 min) for 
reverse transcription, 95°C (5 min) for PCR initial activation step followed by 35 cycles 
of 95°C (1 0 s) and 60°C (30 s) for amplification. Reactions without reverse transcriptase 
were set up alongside to account for amplification of contaminating DNA if any. 
Transcript levels of various RNA samples were normalized using sigA. The 
normalization is done using 2" (-Delta Delta C (T)) method58. 
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RNA Seq 
After isolating total RNA from desired strain, poly A containing mRNA molecules were 
purified using poly-T oligo attached magnetic beads. After purification, the mRNA was 
fragmented into small pieces using divalent cations under elevated temperature. The 
cleaved RNA fragments were copied into first strand eDNA using reverse transcriptase 
and random primers. This is then followed by second strand eDNA synthesis using DNA 
Polymerase I and RNase H. The eDNA fragments go through an end repair process, 
addition of a single A base and then ligation of the adapters. The products are then 
purified and enriched with PCR to create the fmal eDNA library. 
Induction with Cholesterol and fatty acids (C2-C8) 
Cells were grown to an OD of 0.5. They were split into two flasks of equal volumes. The 
stock solution of cholesterol (50 mg/ml) was made in tyloxapol and ethanol mixture 
(25% tyloxapol, 75% ethanol). Cholesterol powder was added to well-mixed tyloxapol 
and ethanol solution and the tube was left in 65°C water bath overnight. Cholesterol (250 
mM final concentration) was added to one of the flasks and tyloxapol+ethanol mixture 
was added to the other. The flask with tyloxapol and ethanol serves as a vehicle control. 
The cells were induced with 10 mM fatty acids, C2-C8 (10 mM final concentration) and 
HCI is added to the control flask. 
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RESULTS 
Evaluation ofTet-KstR-GFP in pUV-Tet vector 
The vector constructed in Figure 11 is transformed into kstR knock out Mycobacterium 
smegmatis using electroporation. The cells with the vector are grown in the presence of 
hygromycin (50 mglml) to an OD of 0.5 and induced with ATe (added at 60 min) as 
described in the methods. The normalized fluorescence (GFP/OD) is plotted against the 
time in Figure 14. It shows the induction of kstR fused to GFP compared to the un-
induced cells. Figure 15 shows the induced RNA levels ofkstR extracted from. the same 
strain compared to the un-induced one through RT-PCR. RNA-Seq is performed on RNA 
extracted from kstR knock out strain, kstR knock out strain complemented with kstR-
GFP-pUVTet, kstR knock out strain complemented with kstR-GFP-pUVTet induced with 
ATe (50 nglml) for 4 hr. Figure 16 shows the induction of kstR levels in the strain 
treated with inducer ATe. Figure 17 shows corresponding repression of RNA levels of 
MSmeg_6038. 
Perturbation of Tet-kstR-GFP with smeg_ 5995-RFP in KstR KO M.smeg strain 
The plasmids kstR-GFP-pUVTet (Figure 11) and Msmeg-5995-RFP in pMV261 (Figure 
13) are co-transformed into knock out Msmeg strain. The cells were grown to an OD of 
0.5 and induced with ATe as described in methods. Fluorescence ofboth GFP and RFP is 
measured and normalized fluorescence (RFU/OD) is plotted against time as shown in 
Figure 18 and Figure 19. Figure 18 shows the induction of kstR and corresponding 
repression of 5995 is shown in Figure 19. 
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Figure 14: Induction ofKstR-GFP with ATe-50 ng/ml (added at 60 min) 
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Figure 15: Comparison of RNA levels of KstR-GFP in induced and uninduced 
samples. Normalization was done with SigA 
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Figure 16: Levels ofKstR from RNA-Seq data 
RNA-Seq on kstR knock out, kstR knock out strain complemented with kstR-GFP in 
pUV-Tet vector-not induced, kstR knock out strain complemented with kstR-GFP in 
pUV-Tet vector-induced (left to right) with 50 nglml ATe for 4 hr. 
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Figure 17: Levels ofMsmeg_6038 from RNA-Seq data 
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RNA-Seq on kstR knock out, kstR knock out strain complemented with kstR-GFP in 
pUV-Tet vector-not induced, kstR knock out strain complemented with kstR-GFP in 
pUV-Tet vector-induced (left to right) with 50 nglml ATe for 4 hr. 
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Figure 18: Induction of KstR-GFP with ATe (50 ng/ml) added at 60 min. 
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Figure 19: Repression of Smeg_5995-RFP corresponding to the induction of KstR-
GFP in Figure above. 
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Evaluation ofTet integrated kstR-GFP 
The vector constructed in Figure 12 is transformed into kstR knock out Mycobacterium 
smegmatis using electroporation. The cells with the vector are grown in the presence of 
hygromycin (50 mg/ml) to an OD of 0.5 and induced with ATe (added at 60 min) as 
described in the methods. The normalized fluorescence (GFP/OD) is plotted against the 
time in Figure 20. It shows the induction of kstR fused to GFP compared to the un-
induced cells. Figure 21 shows the induced RNA levels of kstR extracted from the same 
strain compared to the un-induced one. RNA is extracted at 30 min, 4 hr and 7 hr 
following induction. 
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Figure 21: RT -PCR of RNA samples obtained from induced and uninduced strains 
with KstR-GFP in integrated vector 
Perturbation of Integrated Tet-kstR-GFP with smeg_ 6038-RFP in KstR KO M.smeg 
strain 
The plasmids integrated kstR-GFP (Figure 12) and Msmeg-6038-RFP in pMV261 
(Figure 13) are co-transfmmed into knock out M.smeg strain. The cells were grown to an 
OD of0.5 and induced with ATe as described in methods. Fluorescence ofboth GFP and 
RFP is measured and nmmalized fluorescence (RFU/OD) is plotted against time as 
shown in Figure 22 and Figure 23. Figure 22 shows the induction of kstR and 
corresponding repression of 603 8 is shown in Figure 2 3. 
900 
800 
700 
s::' 600 
.... 
8 500 
Q 
~400 
;:J 
~ 300 
200 
100 
0 
0 200 400 
Time (Minutes) 
600 800 
~ti-kg2-6038 (no ate) 
~ti-kg2-6038 (ate) 
Figure 22: Induction ofKstR-GFP in an integrated vector 
with 50 ng/ml ATe, added at 10 min. 
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Figure 23: Repression of Msmeg_ 6038 corresponding to the 
induction of kstR in the figure above 
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Induction of kstR with cholesterol and fatty acids (C2-C8) 
The plasmids integrated kstR-GFP (Figure 12) and promoter-6042-RFP in pMV261 
(Figure 13) are co-transformed into knock out Msmeg strain. The cells were grown in 
7H9+Tween+ADC with ATe overnight to an OD of 0.5. The cells were induced with 
cholesterol and fatty acids as described in methods. Figure 25 shows induction of kstR 
promoter (RFP) with cholesterol. 
Wild type M.smeg is grown to an OD of 0.5 and induced with cholesterol and fatty acids 
for 3 hr. RNA is extracted and RT-PCR is performed to measure the levels of kstR. 
Figure 24 shows the induction ofkstR in the presence of various lipids. 
Combinatorial Perturbation of kstR promoter with kstR and cholesterol 
The plasmids integrated kstR-GFP (Figure 12) and promoter-kstR-RFP in pMV261 
(Figure 13) are co-transformed into knock out M.smeg strain. The transformed cells were 
grown in 7H9+Tween+ADC media with cholesterol and ATe in two separate flasks to an 
OD of0.5. The cells in each ofthe flasks are divided into two. ATe is added to one of the 
divided flasks containing cholesterol and cholesterol is added to those grown in ATe. The 
fluorescence (RFP) is measured and the normalized fluorescence is plotted against time 
as shown in Figure 2 5. 
CONCLUSION 
We have developed two versions of synthetic perturbation system which successfully 
validated that kstR is a repressor16• We evaluated the vector constructed in Figure 11 by 
transforming it into kstR knock out M smeg strain and perturbing kstR. Figure 14 shows 
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the induced levels of kstR-GFP in the strain with 50 ng/ml ATe compared to the UTI-
induced strain. RT-PCR was also done on the RNA extracted from this strain (both 
induced and induced). Figure 15 shows the induction of kstR compared to the un-
induced one. RNA-Seq was performed on the RNA extracted from kstR knock out, kstR 
knock out strain complemented with kstR-GFP in pUV-Tet vector-not induced, kstR 
knock out strain complemented with kstR-GFP in pUV-Tet vector-induced with 50 ng/ml 
ATe for 4 hr. According to Figure 16, Tet system is leaky as the amount ofkstR in the 
knock out strain complemented with kstR-GFP in pUV-Tet vector is higher than that of 
the knock out strain. The corresponding level of Msmeg_ 603 8 (gene regulated by kstR) 
in Figure 17, shows that kstR represses Msmeg_ 603 8, in accordance with the literature. 
To validate this repressive effect of kstR using the perturbation system, replicating 
vectors with TF-GFP and promoter-RFP were co-transformed into kstR knock out 
Msmeg strain. kstR in this strain was perturbed by adding ATe (50 ng/ml). Figure 18 
and Figure 19 show kstR induction (GFP/OD signal) and the corresponding repression 
response of Msmeg_5995 (RFP/OD). However, this system with both TF-GFP and 
promoter-RFP cloned in different replicating vectors was not found to be stable as both 
the vectors have similar origin of replication59- 62 . Therefore, we cloned tetR, tetO, TF-
GFP in pMV306 integrating vector (Figure 12). We evaluated this vector by 
transforming it into kstR knock out Msmeg strain and perturbing kstR. Figure 20 shows 
the induced levels of kstR-GFP in the strain with 50 ng/rnl ATe compared to the UTI-
induced one. RT-PCR was also done on the RNA extracted from this strain (both induced 
and induced). Figure 21 shows the induction of kstR compared to the un-induced one 
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after 30 min, 4 hr and 7 hr of addition of ATe (50 nglml). The resulting integration vector 
and promoter-RFP cloned in a replicating vector were co-transformed into kstR knock 
out Msmeg strain. kstR in this strain was perturbed by adding ATe (50 nglml). Figure 22 
and Figure 23 show kstR induction (GFP/OD signal) and the corresponding repression 
response of Msmeg_6038 (RFP/OD). Also, it is known that cholesterol induces kstR56. 
To validate the perturbation system, we transformed vectors with integrated kstR-GFP 
and kstR_promoter-RFP into kstR knock out M.smeg strain. kstR in this strain was 
combinatorially perturbed with both cholesterol and ATe. Figure 25 shows that kstR 
represses its own promoter and cholesterol induces kstR expression. We also see the 
induction of genes repressed by kstR6. Therefore, data from literature and perturbations 
suggests that kstR is a repressor and cholesterol induces kstR and its regulon genes. 
However, it is not clearly understood why cholesterol induces kstR along with the genes 
repressed by it. We hypothesize that either cholesterol or one of its degradation products 
is having an effect on the binding of kstR. Therefore, we did experiments on wild type 
Msmeg as well as strain with integrated kstR-GFP and kstR_promoter-RFP where we 
used fatty acids of carbon length varying from 2-8 (acetic acid (C2) and propionic acid 
(C3) are by products of cholesterol degradation) as inducers. We found that fatty acids 
C2-C8 induce kstR (Figure 24). We also performed experiments using succinate and 2-
methylisocitrate but they were not show to cause de-repression ofkstR (data not shown). 
Therefore, it is highly possible that propionate, a by-product of cholesterol, odd chain 
fatty acids and branched chain amino acids is causing the de-repression of kstR although 
the functional significance of de-repression ofkstR is not clearly understood. 
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Figure 24: RT -PCR of KstR in wild type Mycobacterium smegmatis with and 
without induction with lipids 
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Figure 25: Combinatorial perturbation of KstR with ATe and cholesterol 
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CHROMOSOME CONFORMATION CAPTURE (3C) 
INTRODUCTION 
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Transcription Factors (TF) play a key role in regulating gene expression in bacteria. 
However, only few TFs have been studied at a few genomic locations. Although the data 
have provided insights on the regulation, they have also been simplified to form 
assumptions regarding the global nature of binding in prokaryotes. As described in the 
introduction, chromatin immunoprecipitation followed by sequencing (ChiP-Seq) 
provides the ability to map binding sites for every transcription factor in bacteria. 
Comprehensively mapped transcriptional regulatory network in MTb as well as E.coli 
revealed diverse non-promoter binding sites along with enriched binding in the proximal 
promoter region6. The data raise questions on the simplifying assumptions held about 
bacterial transcriptional regulation7'36 • The canonical model of bacterial transcriptional 
initiation focuses on the role of TF binding in the proximal promoter region. However, 
ChiP-Seq mapping of over 119 TFs in MTb confirms that binding is enriched in 
promoters. But surprisingly, the majority of binding events occur outside of promoters 
Figure 8. These binding sites are highly reproducible and can also be identified at 
physiological levels ofTF expression. Similar pattern has been confinned with ChiP-Seq 
mapping in E. coli (un-published data) and Salmonella (J. Wade, pers. Comm.). Also, 
there are many evidences of occurrence of TF binding site outside promoters. However, 
the function of the majority ofthese binding sites are not known7. 
Galagan et al., 20127 describes several possible explanations for the occurrence of 
binding sites outside promoters. One of the explanations is the presence of errors in the 
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annotation of coding regions. The majority of gene annotations come from computational 
predictions. Even though Deicher et al. 199963 shows that the accuracy of computational 
algorithms for predicting the open reading frame is generally high, the prediction of start 
codon remains a challenging problem. In a given coding region, the first stop codon is the 
unambiguous end of the open reading frame but there may be many start codons present 
in the ORF. Therefore, binding sites that occur at the 5' ends of coding regions may be 
seen as intergenic binding relative to an actual downstream start codon. The second 
possible explanation is consistent with the fact that the promoter regions are not strictly 
limited to intergenic regions. Intergenic regions comprise only a small fraction of MTb 
genome and also of other prokaryotes. Although canonical promoter signals are enriched 
in intergenic regions, there are many examples where promoter regions occur in coding 
regions that are described in prokaryotes. Most commonly used example is lac operon. 
The regulation model is known to contain a binding site for the lac repressor downstream 
of the proximal promoter region in the lacZ gene. These explanations are however very 
unlikely to fully account for the binding that has been observed from the ChiP-Seq data 
in MTb. In particular, the high frequency of binding sites for nearly all TFs that occur at a 
distance from the proximal promoter region suggests an important role for long range 
interactions. Although interactions from distant binding sites are known to play important 
roles in regulation in eukaryotes, the idea has been dismissed in prokaryotes despite of 
substantial evidence in literature that functional binding in prokaryotes can and does 
occur at large distances from promoters64--71 . Regulation through DNA looping in Lac 
operon is one of the canonical models to explain long range interactions. 
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Regulation though DNA looping-Lac operon 
DNA looping and cooperative interactions between distal and proximal binding sites are 
the two general mechanisms that play a key role in a more complicated picture of 
transcriptional regulation of Lac operon. Lac repressor in E.coli binds to a high affinity 
operator site OJ that overlaps the transcription start site. The binding of the lac repressor 
at this site causes repression of the operon in the absence of inducer. This data only 
describes a part of the mechanism of repression. As suggested by Reznikoff eta!. 197472, 
there are two additional lower affinity binding sites for the lac repressor. 0 2 is located 
401 bp downstream of OJ in the lacZ gene. The other site 0 3 is located immediately 92 
bp upstream of OJ (Figure 26a). Narang 200764 shows that either 0 2 or 0 3 in 
combination with OJ is required for full repression of lac by the repressor. The data was 
d b hr . d .b d . 65 70 73 Th f h . . suggeste y t ee expenments as escn e m ' ' . e summary o t e expenments 1s 
below: 
• Removal of either 0 2 or 0 3 decreases repression 2-3 fold while removal of both 
decreases repression by over 50 fold. 
• The presence of either 0 2 or 0 3 in the absence of OJ 1s not sufficient for 
repressiOn. 
• Despite their low affinity, binding does occur to 0 2 or 0 3 although their effect on 
repression is abolished when both are moved further than 3600 bp from OJ. 
• Binding of the lac repressor to 0 1 is strengthened threefold by 02. 
• Binding of the lac repressor to 0 2 is strengthened 12-fold by OJ. 
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The above data led to model the regulation of lac operon where stable DNA loop 
mediated by the binding of a lac tetramer to 0 1 and either 0 2 or 0 3 is required for full 
repression (Figure 26b). 
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Figure 26: The lac operon model of bacterial transcription initiation regulation. 
a Canonical model of regulation of the lac operon by the lac repressor and catabolite activator 
protein (CAP). b Model of DNA looping ofthe lac operon. Schematic of DNA looping is shown 
as a simplified schematic only. Many different topologies of the looped DNA are possible7• 
Cooperative binding and DNA looping are also seen in many other examples of long 
range interactions in prokaryotes including the repression of the L-arabinose operon 
araBAD by araC in E.cali74-76, regulation of rocG through RocR protein in B. subtilis67 , 
regulation of glnALG operon by NR1 protein in E.cali68•69•71 '77, repression of the deo 
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operon through three deoR binding sites in E. coli66, transcription of nifF and nifLA 
operons inK. pneumonia and regulation ofGroEL2 gene by Rv2034 in MTb78 . 
From all the above studies, it is noted that the binding sites that are located more distant 
from the promoter have weaker regulatory effects. This is consistent with experiments 
performed by66•68•69•71•77 where binding sites are experimentally moved. This explains 
partly, why regulation from more distal binding sites is not reported frequently. Also, it is 
difficult to capture binding with weaker regulatory effects from standard perturbation 
experiments and their effects could also be masked by stronger effects of proximal 
promoters. 
In eukaryotes, TF binding modulates higher order DNA packaging and accessibility 
through the modulation of chromatin structure79. It is possible that these TF binding sites 
in prokaryotes may play similar role. Although there are no histone proteins in bacteria, 
there is a wide range of proteins that perform similar tasks called as nucleoid associated 
proteins (NAPs)80- 83 . These proteins alter the degree of compaction, looping and DNA 
supercoiling of bacterial chromosomes through interactions that bend, wrap or bridge 
DNA. NAPs can therefore repress or activate the transcription of a substantial number of 
genes. With the characterization of more NAPs, it is very evident that the distinction 
between proteins that regulate transcription and those that modulate DNA structure has 
become blurred81• 
Recently, a study published by Blasco et al. 201284 coined a DNA-binding protein EspR 
as a NAP. EspR was originally described as a regulator of the espACD operon in Mtb85 
which is a component of the ESX-1 secretion system required for virulence86. The 
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espACD operon has a transcription site at -67 and is activated by EspR binding at the 
promoter. However, Hunt et al. 201285 shows that maximum transcription is achieved 
when EspR binds to the espA activating region (EAR) that is located between -1 004 and -
884. It was also shown that moving the EAR region closer to the promoter abolishes its 
function. Similar to many TFs, EspR protein contains a helix-tum-helix DNA binding 
domain and also a C-terminal domain that mediates dimerization87 • Structural studies on 
EspR using atomic force microscopy revealed that EspR acts as a dimer of dimers in 
which each HTH domain in a dimer binds to distantly separated binding sites through 
DNA looping88 . DNA loop formation may provide the likely mechanism for the ability of 
EspR binding at the EAR to activate the espACD operon at a distance. These data led to 
the proposition that EspR acts in a manner more characteristic of NAP. This hypothesis is 
further supported by the results of ChiP-Seq mapping of EspR84. The data showed that 
EspR binds to 165 loci in the MTb genome and the binding sites were all over the 
genome including intergenic as well as genic regions. Also, the binding sites revealed a 
substantial overlap with those of Lsr2, a known NAP in MTb89- 91 . Given this context and 
canonical model of transcription regulation, the data led to the hypothesis that EspR is 
not a traditional TF but instead regulates transcription globally as a NAP through long 
range interactions and DNA structure modifications. 
However, Galagan et al. 2013 6 shows that the binding profile of EspR is 
indistinguishable from the other 50 TFs that have been mapped in MTb by ChiP-SEQ. 
Also, the proposed mechanism of dimer of dimers is of no different in comparison to that 
of the operation of lac repressor. Lastly, ChiP-Seq mapping revealed a specific DNA 
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binding motif more consistent with traditional TFs than NAPs, which tend to bind more 
nonspecific DNA sequences. All these data point to a fact that DNA looping and long 
range interactions may not be unusual in prokaryotes. Given this hypothesis, the 
surprising diversity in binding locations emerging from ChiP-Seq studies in prokaryotes 
may be explained by a more general role of TFs in the modulation of DNA structure7• 
Based on the literature evidence above, we hypothesize that some non-canonical TF 
binding sites may mediate long-range interactions and alter chromosome organization 
and accessibility. 
Structural properties and spatial conformations of chromosomes are linked with 
important chromosomal activities such as gene expression, origin firing, DNA repair, 
morphogenesis and recombination92•93 . Events such as transcription and timing of 
replication are related to overall spatial chromosome conformation. At each of these 
levels, chromosome organization is highly dynamic. Traditional methods that are used for 
the analysis of chromosome confonnation include electron microscopy. This technique is 
laborious and not easily applicable to studies of specific loci. Light microscopy affords a 
resolution of 100 to 200 nm, which is not sufficient to define chromosome conformation. 
DNA binding proteins fused to fluorescent protein does permit the visualization of 
individual loci but only a few positions can be examined simultaneously. Fluorescent in 
situ hybridization (FISH) allows you to visualize multiple loci but it requires severe 
treatment that may affect chromosome organization. To overcome all these challenges, 
Dekker et al. 200294 developed a high throughput methodology Chromosome 
Conformation Capture (3C) which can be used to analyze the overall spatial organization 
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of chromosomes and to investigate their properties at high resolution. 3C involves 
quantification of cross-linking frequencies between two DNA restriction fragments as a 
measure of their frequency of interaction. This method was originally applied to study the 
structural organization of yeast chromosomes. Later, Tolhius et a/. 95 adapted 3C 
technology to analyze the conformation of a 200-kb region spanning the mouse ~-globin 
gene cluster in its active and inactive transcriptional state. Another assay called RNA-
TRAP (RNA tagging and recovery of associated proteins) was developed independently 
of 3C to address the spatial organization of genomic loci in vivo by Carter et al. 200296 . 
This technique involves targeting of horse radish peroxidase (HRP) to nascent RNA 
transcripts, followed by quantification of HRP-catalyzed biotin deposition on chromatin 
nearby. 
Principles of 3C Technology 
Figure 27 shows an outline of 3C technology97 . Firstly, the cells are treated with 
formaldehyde to crosslink proteins to other proteins and DNA in the neighborhood. The 
resulting cross-linked cells are then lysed and further subjected to cleavage by a 
restriction enzyme. The digestion is followed by the ligation at low DNA concentration. 
Under such diluted ligation conditions, intramolecular ligation events between cross-
linked DNA fragments are strongly favored over intermolecular ligation between random 
fragments. After ligation, crosslinks are reversed and intramolecular ligation events and 
detected and quantified by polymerase chain reaction (PCR) across the newly ligated 
ends of fragments . The amount of PCR product of each ligation is proportional to the 
cross-linking frequency of two restriction fragments that are closer to each other in space. 
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Therefore, 3C analysis provides information about the spatial organization of 
chromosomes or chromosomal regions in vivo. 
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Figure 27: Chromosome Conformation Capture (3C)94 
RNA-TRAP 
RNA TRAP is designed to identify DNA sequences that are in close proximity to actively 
transcribed genes96• In this technology, fluorescence in situ hybridization (FISH) is 
applied to target HRP to nascent RNA transcripts, followed by HRP-catalyzed biotin 
deposition on nearby chromatin. After affinity purification, the relative abundance of 
biotinylated DNA sequences is determined by quantitative PCR analysis and is taken as a 
measure of proximity to the labeled nascent transcript. 
Since RNA-TRAP doesn't provide information at genome wide level, we will pursue 3C 
method in this work. 
Long range interactions by GalR 
3C was used earlier to study long range interactions mediated by GalR8• GalR, a 
repressor, regulates the genes involved in galactose metabolism in E. coli. Qian et al. 8 
demonstrated using 3C that GalR binding sites at disparate sites interact with each other. 
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Similar experiments were done in a strain lacking GalR and the results showed that the 
interactions involve direct DNA-binding by GalR and not other factors. Apart from this 
data, atomic force microscopy was also used to confirm that GalR binding sites inserted 
into plasmids interacted at a distance to generate DNA loops. Interactions between native 
GalR sites span across a range of 10 kb to 100 kb. These interactions are very likely to 
modulate global chromosome structure8. 
Chromosome organization by H-NS 
Data from chromosome conformation capture method (3C) can not only explain the long 
range interactions mediated by a transcription factor, but also can provide insights into 
the structure of chromosome and mechanisms underlying its organization. Wang et al. 
2011 83 used 3C in combination with super-resolution fluorescence microscopy and 
showed that H-NS, a global transcriptional silencer, formed two compact clusters per 
chromosome and is driven by oligomerization of DNA bound H-NS through interactions 
mediated by the amino-terminal domain of the protein. 
Long range interactions mediated by StpA 
Another transcription factor of interest to investigate long range interactions is StpA. 
StpA is a nucleoid-associated protein of E.coli, binds non-specifically to double stranded 
DNA and forms bridges between adjacent segments of the DNA. StpA was structurally 
analogous to another nucleoid-associated protein H-NS. Analysis of expression of StpA 
and H-NS revealed that the two gene products are capable of both negative autogenous 
control and cross-regulation. StpA can repress and activate a subset of H-NS regulated 
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genes. Both the TFs show similar mechanism of regulation of gene expression and they 
do so by inhibiting transcription from promoters containing curved DNA sequences and 
by forming nucleoprotein structures that constrain DNA supercoils. Even though they 
have similar functional mechanisms, they are both capable of independent activities. H-
NS regulates a class of genes that are not affected by StpA and StpA has much stronger 
RNA h t o "t o o 98 99 c aperone ac 1v1 y zn vztro ' . 
ChiP-Seq on StpA 
ChiP-Seq on E.coli with StpA inducible plasmid revealed 474 binding sites out of which 
213 are genic and remaining 261 occur in the intergenic regions. See Figure 28 for 
detailed distribution of these binding sites. We identified two regions that have restriction 
site for Hindiii in the neighborhood and are bound by StpA. RNA-Seq data on StpA 
induced E. coli strain showed no significant changes in the gene expression of the genes 
around these regions (Figure 29). We hypothesize that these binding sites may be 
indirectly involved in gene regulation. Therefore, we will do 3C on these regions and find 
out if there is any interaction. Below is the description of the protocol that has been 
adapted and modified from two publications8'100. 
METHODS 
3C Technology 
In Vivo Formaldehyde Fixation of Cells 
E.coli cells are grown to an appropriate O.D and are crosslinked with Fonnaldehyde. 
Formaldehyde is an excellent cross-linking agent to study the composition and structure 
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of chromatin in vivo. It reacts with amino and imino groups of proteins and nucleic acids 
to form protein-protein and protein-nucleic acid cross-links, but doesn't react with free 
double-stranded DNA. Formaldehyde cross-links bridge relatively short distances (2 Ao) 
and these links can be easily reversed under mild conditions101- 103 . 
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Figure 28: Distribution of Transcription factor Binding sites of StpA in E. coli 
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Figure 29: Examples of StpA binding sites that do not regulate downstream genes 
Bars in green show the positions of restriction sites for Hindiii and the ones in red 
indicate the transcription start sites. Blue bars below represent genes and shows Z value 
of change in expression from RNA-Seq data on StpA induced vs. un-induced strain. 
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500 ul of overnight E.coli culture is inoculated into 25 ml of LB and grown for 2.5 hr. to 
an O.D of~ 1.5. The cells are crosslinked with 1% fmmaldehyde (final concentration) and 
incubated at RT for 30 min with rotation. The reaction is stopped by the addition of 
glycine (0.125 M final concentration) for 15 min with rotation at RT. The cells are 
transferred to a 50 ml conical tube and spin down for 10 min at 4°C at 4000 rpm. The 
cells washed twice by re-suspending with 1X PBS and then spin down for 10 min at 4°C 
at 4000 rpm. The supernatant is removed and the pellet can be stores at -80°C before 
proceeding to the next step. 
Lysis of Cells 
The cell pellet is resuspended in 900 ).!1 of 1X TE buffer (pH 8.0). Lysozyme is used to 
lyse the cells and is added at a final concentration of 20U/).ll. The mixture is incubated at 
R T for 15 min with intermittent mixing. SDS is added at a final concentration of 1% and 
the sample is incubated for 15 min at RT. SDS solubilizes any non-crosslinked proteins 
from the DNA. 200 ).!1 of cells is transferred into an Eppendorf tube and spin down at 
20,000 rpm for 20 min at 4°C. The supernatant is carefully removed and thrown away. 
Nate that a certain minimum number of cells is needed in order to get a good precipitate 
of DNA. If less number of cells is used, the pellet may not be very hard and there is a 
high probability of losing the DNA. This step of precipitating DNA was found to be 
essential as there was background degradation seen in the presence of both triton and 
NEB 2 but in the absence of restriction enzyme (Figure 30). It was observed that triton 
was necessary for the digestion to occur and also the percentage of triton used controls 
the extent ofbackground degradation (Figure 31). We hypothesized that the degradation 
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is probably corning from endonucleases in the cells. To overcome this challenge, we 
decided to precipitate the DNA and get rid of cell lysate along with decreasing the triton 
concentration to 0.1 %. Resuspend the pellet in 475 ul digestion buffer (1X NEB-2 + 
0.1% Triton X-100). 
Digestion Buffer 
Triton (1%} 
+ + 
+ + 
+ 
+ 
+ 
+ 
Figure 30: DNA degradation in cell lysate in the absence of enzyme 
Effect ofbuffer (NEB 2) or/and Triton on crosslinked (CL) and non-crosslinked (NCL) 
cell lysate. Buffer along with 1% Triton is causing random degradation of DNA. 
DNA digestion 
Triton is added to sequester SDS that may inactivate the enzyme. The percentages of 
SDS and Triton X-100 reported in this thesis are obtained after carefully assessing 
different combinations of triton and SDS amounts. High amounts of triton showed 
background digestion in the absence of enzyme. We hypothesize that the background 
digestion is due to the endonucleases present in the cell. For DNA digestion, add 25 f.ll of 
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20 U/).11 of Hindiii enzyme to the resuspended mix and incubate at 3TC for 4 hr with 
rotation. For digestion control, add 25 ul of water to another tube of resuspended DNA 
mix. Incubate the control under similar conditions as well. 
The restriction enzyme of choice depends on the locus to be analyzed. It should 
preferably isolate potentially interesting DNA fragments that are less than 2 kb. It has 
been shown that larger fragments cause more back-ground cross-linking. To ensure that 
the digestion is working well, reverse crosslink both the digested and un-digested 
samples, purify using phenol-chloroform extraction, and run on EtBr gels. To roughly 
quantify the digestion efficiency of a restriction enzyme in cell lysate, run a control 
digestion on genomic DNA along with the cell lysate samples. Increasing the duration of 
digestion reaction led to potential background digestion (Figure 31). Therefore, it is 
important to optimize the length of digestion time. 
4 hr Overnight 
Triton (0.1%) + + + + 
Hindlll gDNA + + + + 
Hindi II 
Figure 31: Optimization of length of Hindlll digestion in cell lysate. 
Cross-linked DNA is resuspended in the buffer with and without triton. Triton is needed 
for digestion and the optimal digestion time is 4 hr. 
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Intramolecular ligation 
After digestion for 4 hr, 1% SDS (final concentration) is added to the mix and incubated 
at 65°C for 30 min to inactivate the restriction enzyme. Before proceeding to ligation, it is 
important to estimate the amount of DNA that can be ligated to minimize the background 
intermolecular ligation. For this purpose, we performed 3C on naked genomic DNA. We 
did ligations at several DNA concentrations ranging from 0.01 ng/J.ll to 0.5 ng/J.ll. PCR 
primers were designed for two different digested DNA fragments and PCR was 
performed to amplify inter-molecular ligation fragments. It was observed that the 
background ligation is negligible at concentrations between 0.01-0.05 ng/J.ll (Figure 32). 
Cone. of DNA in 
ligation (ng/IJI) 0.01 0.05 0.075 0.1 
Figure 32: Optimization of DNA cone. to minimize intermolecular ligation events. 
Ligation is performed with different concentrations of DNA in the reaction. 
Concentration of DNA below 0.05 ng/J.ll eliminates inter-molecular ligation events. 
Therefore, it is important to measure the DNA concentration before proceeding to 
ligation. We measure DNA concentration using Qubit because it uses a dye that only 
binds to DNA immaterial of the presence of other impurities. Take 80 ng of DNA and 
add it to the ligation mixture consisting of 800 J.ll 1 OX NEB ligation buffer, 800 J.ll 10% 
Triton X-100 and water to make the total reaction volume to 8 ml. Mix all the ingredients 
properly and incubate the mix at 3TC for 1 hr to sequester SDS, used to inactivate the 
restriction enzyme. Add 6 J.ll ofT4 DNA ligase (NEB, 400 U/J.ll) and incubate at 16°C for 
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2 hr with rotation. In order to set up a control for the background ligation, we first 
reverse-crosslink the DNA and then ligate under similar conditions as that of 3C ligation. 
Towards this end, take 80 ng of DNA and add water to make the total reaction volume up 
to 500 fll. Add proteinase K (1 mg/ml final concentration) and incubate at 65°C overnight. 
Next day, add the DNA mix to the ligation mixture without enzyme. Incubate the sample 
at 3TC for 1 hr to sequester any SDS present in the reaction. Then, add ligase and 
incubate the reaction at 16°C for 2 hr with rotation. This control sample from here on is 
called as reverse crosslinked (RCL) sample and controls for non-proximity ligation. 
Proceed to DNA purification. 
Reversal of Cross-links and Purification of DNA 
Add 150 fll of 20 mg/ml proteinase K to the 3C ligation tube and incubate at 65°C 
overnight. Equal amount of phenol:chloroform is added to the mixture and mixed 
vigorously until the mix turns white. Spin down the cells at RT for 20 min at 4000 rpm. 
Note that high-speed centrifuge is ideal for purification. However, the speed of 4000 rpm 
serves the purpose. Transfer 920 fll of the supernatant into eight 1 ml Eppendorf tubes (If 
you have high speed centrifuge which can hold 50 ml tubes, prefer using the instrument). 
Add 92 fll of 3M sodium acetate and 0.6 vol of ice cold isopropanol. Store it in -80°C for 
30 min and spin the tubes down at 14000 rpm, 4°C for 20 min. Remove the supernatant 
and add 1 ml of 70% ice cold ethanol and spin under similar conditions for 5 min. 
Remove the supernatant and spin the tubes for 1 min at same conditions to remove excess 
ethanol. Air dry the tubes and add 4 fll of 1X TE into each tube. Be very careful during 
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the extraction because the amount of DNA we are handling is very small. Do not over dry 
the tubes. The DNA is ready for PCR analysis. 
Primer design for PCR 
When designing the primers, few factors have to be taken into consideration. The first 
and the most important thing is that primers should hybridize to unique DNA sequences. 
To ensure the unique hybridization, check for the repetitive sequences near restriction 
sites of interest and avoid using a repetitive DNA primer. Also, run these primers by 
genomic DNA and make sure nothing amplifies of the desired size. Secondly, for 
reproducible and quantifiable PCR signals, it is recommended to have the size of PCR 
products between 100-200 bp. Therefore, the primers must be designed 50-100 bp away 
from the restriction enzyme sites. Lastly, the differences in the T m of primers must be 
kept minimum (<2°) to be able to use the primers with other combinations. Design the 
primers at both ends of restriction fragment. Sometimes only a particular combination of 
the primers seems to be working. 
Cross-Linking Frequencies 
Quantification of ligation frequencies of restriction fragments by PCR provides a 
measure of their cross-linking frequencies. Set up the PCR reactions for 3C ligation 
sample as well as control sample using same amount of DNA. After PCR, the products 
are run on an EtBR gel and ifthe amount ofPCR product in 3C ligation sample is greater 
than that of the control, we declare that the ligation is crosslink dependent. Else, we 
conclude that the ligation is simply a random event. 
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RESULTS 
Long range interactions mediated by GalR 
As a proof of concept for this protocol, we tested it on a known interaction mediated by 
GalR and designed primers across regions bound by GalR. We designed primers P14'-P26 ' 
for the same regions as PwP26 (designed for EcoRI restriction site) are designed for but 
close to the Hindiii restriction site around that region8• 3C is performed on stationary 
phase WT E.coli MG1655. PCR data using the primer pair P14 '-P26 ' on 3C and RCL 
samples shows that the intensity of amplicon in 3C sample is greater than that of the 
control indicating the interaction between two regions (Figure 33). 
No Lig CL RCL 
' lllflw --.. - - ... ,_ .. 
Figure 33: 3C interaction mediated by GalR 
PCR was performed on three samples from E. coli stationary phase: no ligation, cross-
linked, reverse cross-linked control, using primers designed for fragments whose 
interaction is mediated by GalR 8 
Long range interactions mediated by StpA 
Using similar method as above, the primers are designed on both ends of the regions 
bound by StpA as shown in Figure 29. 3C was done on E.coli strain with inducible StpA 
plasmid using different combinations of the primers. One set of primers that showed no 
non-specific amplicon with genomic DNA is used as a template was used for 3C PCR 
analysis on both 3C sample as well as RCL sample. The amount of amplicon in 3C 
sample was much greater than that of the RCL sample suggesting a possible interaction. 
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To investigate if the interaction is mediated by StpA, we did 3C on StpA knock out strain 
but it was found that the interaction still persists suggesting some additional factors 
mediating the interaction Figure 34. 
No 
Hind Ill 
StpA induced strain 
Hind Ill RCL 3C 
control ligation 
No 
Hind Ill 
StpA knockout strain 
Hind Ill RCL 3C 
control ligation 
Figure 34: Interaction between two DNA fragments containing StpA bound site 
3C is performed on both StpA inducible strain as well as StpA knockout to see if the 
interaction is mediated by StpA. Amplicon in both strains suggests StpA is not necessary 
for the interaction. 
CONCLUSIONS 
ChiP-Seq on >100 transcription factor in Mtb and >15 in E.coli reveals that majority of 
the binding occurs outside promoters (Figure 8). This data is highly reproduced even at 
physiological conditions. This data does not align with the simplifying assumptions held 
about transcription factor regulation in bacteria. Even though this is not the first time to 
notice the occurrence of regulatory binding sites outside of promoter regions, this 
behavior has been dismissed and not well explained in bacteria. Galagan 2012 explains 
this data with 1) presence of errors in the annotation of coding regions, 2) promoter 
regions are not strictly restricted to intergenic regions as evident in lac operon or 3) role 
of long range interactions. It is possible that some of these transcription factors may play 
a similar role as histones in eukaryotes. The transcription factors that play a role similar 
to histones are coined as nucleoid associate proteins (NAPs) and these proteins alter the 
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degree of compaction, looping and DNA supercoiling of bacterial chromosomes through 
interactions that bend, wrap or bridge DNA. As more NAPs are functionally 
characterized, the difference between them and traditional transcription factors is 
diminishing. The data together suggests that DNA looping and long-range interactions 
may not be unusual in prokaryotes. As a first step towards that, we optimized the 3C 
method in E.coli first. We adapted the method from two publications and could not 
replicate even after using exact similar conditions. Therefore, we critically analyzed each 
step and placed troubleshooting steps in place for each step of the protocol. The 
optimized protocol was tested for a known GalR interaction and the protocol successfully 
detected this interaction. We then identified a pair of interesting regions that are bound by 
StpA but when the binding is combined with RNA-Seq data, the binding was not 
translated into regulation of the neighboring genes. This suggests a possible interaction 
between these fragments, separated by XX kbp. 3C on these fragments in a StpA 
inducible strain suggested a possible interaction between them. However, when the 
experiment is performed in StpA knockout, the interaction did not go away suggesting 
other possible factors that may be mediating this interaction. Literature suggests that 
StpA and H-NS have a common subset ofregulon genes. Therefore, it is possible that H-
NS might be one of the additional factors involved in this interaction. 
3C provides data only across the selected and known targeted regions. This method does 
not shed light on the genome wide scale. To obtain unbiased and genome wide data on 
long range interactions, we discuss the methods genome conformation capture and Hi-C 
in the next chapter. 
Hi-C: A COMPREHENSIVE TECHNIQUE TO DETECT LONG RANGE 
INTERACTIONS 
INTRODUCTION 
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Chromosome conformation capture (3C) and its variants 4C, 5C allows us to detect 
interactions between one or more selected loci using combination of PCR and sequencing. 
But, these methods do not provide information on genome-wide interactions. Methods 
have been developed to identify all interactions in a genome-wide an unbiased fashion. 
Two such methods are Genome conformation capture (GCC)100,104,105 and Hi-C106,107. 
Genome Conformation Capture (GCC) 
GCC is an extension of 3C where the 3C library is fragmented and sent for paired-end 
sequencing. This allows assaying all interactions in the library (Figure 35). After 
sequencing, the paired end (PE) tags and single ends that contain a Hhal restriction site 
are mapped on to the E.coli reference genome. Only the sequence reads that can be 
mapped uniquely on to the reference genome will be taken into the analysis. This data 
will be then used to construct the network oflong range interactions 100. 
Hi-C 
Hi-C is another method that was developed to map genome wide chromatin interactions. 
This method is also based on 3C where chromatin is crosslinked with formaldehyde, 
digested andre-ligated such that only DNA fragments that are covalently linked together 
form ligation products. In Hi-C, a biotin labeled nucleotide is incorporated at the ligation 
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junction, thereby enabling selective purification of DNA ligation junctions followed by 
paired-end sequencing 107' 108. 
Lyse cells and 
digest with 
restriction enzyme 
Dilute and 
ligate 
Figure 35: Genome Conf"Irmation Capture (GCC) 100 
Purify DNA, 
fragment and 
sequence 
Briefly, cells are fixed with formaldehyde, causing the interacting fragments to be bound 
to one another by means of covalent DNA-protein cross-links. These loci remain intact 
after subsequent DNA fragmentation with a restriction enzyme. Unlike 3C, where the 
next step is ligation, here the 5' overhangs of the digested ends are being filled in by a 
biotinylated nucleotide. Blunt-end ligation is performed under dilute conditions favoring 
ligation events between cross-linked DNA fragments. This results in a genome-wide 
library of ligation products, corresponding to fragments that were in close proximity. The 
ligation products contain a biotinylated nucleotide at the ligation junction. The library is 
then sheared, and the junctions are pulled down using magnetic beads. The purified 
junctions are further amplified and then analyzed using paired-end sequencing 107 . 
Crosslink DNA Cut with 
restriction 
enzyme 
Fill ends 
and mark 
with biotin 
Figure 36: Overview of Hi-C 109 
Integration of data from ChiP-Seq and Hi-C/GCC 
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Sequence using 
paired-ends 
One of the major reasons to perform Hi-C/GCC is to address the question of the 
occurrence of transcription factor binding sites in genic regions. ChiP-Seq identifies 
regions that are directly or indirectly bound by a given transcription factor where as Hi-C 
provides data on the interaction of two given DNA fragments. The data from these two 
methods can be integrated to gain insight into the mechanism of interaction of DNA 
fragments and identify the transcription factors responsible for such behavior. Marco 
Botta et a/.110 showed, in human genome, that the fragments that interact in Hi-C 
experiments are associated with a CTCF (CCCTC-binding factor) site and that the 
. presence of CTCF sites is highly correlated with the ability of fragments to make strong 
interactions. 
In this chapter, I describe Hi-C method, incorporate assays to troubleshoot every step and 
optimize the method on genomic DNA from E. coli. 
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METHOD 
The overview of the method is shown in Figure 37. Each step of the method is described 
below along with detailed troubleshooting steps. Having controls at every step is a great 
way to ensure such complex protocols work properly. 
1. E.coli Naked DNA 
2. Digest with Hind Ill 
• AGCTI A 
A TICGA 
3. Fill & mark with biotin 
• 
AGCTI AA~ 
1WAA TICGA 
4. Ligate 
• •• 
• • 
• •• • 
5. Removal of biotin 
• and size fractionation •• • 
6. Biotin pull down, library 
• prep and digestion with Nhel 
--
Figure 37: Overview of Hi-C on genomic DNA 
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E.coli gDNA extraction 
Inoculate 100 f-ll of overnight E. coli culture into 5 ml of LB and grow the cells for 1.5 hr 
until the O.D reaches to ~0.5. Spin down the cells and resuspend the pellet in 300 f-ll of 
lysis buffer (289 f-ll of IX TE, 9 f-ll of 20% SDS, 2 f-ll of 20 mg/ml proteinase K). 
Incubate the mix at 3TC for 1 hr. The sample should become clear indicating complete 
lysis of the cells. Add 450 f-ll ofwater and make up the volume to 750 f-ll. Add 750 ul of 
phenol-chloroform mixture and invert the tubes until the sample turns milky. Spin down 
the lysate for 10 min, RT, 14000 rpm. Transfer the supernatant carefully into clean 
Eppendorf tube. It is advisable to cut the tip off because of the viscous nature of the 
supernatant. Add 111 oth volume of 3M sodium acetate and 0.6 vol of ice cold isopropanol 
and mix properly. You will see threads of genomic DNA indicating no shearing of 
genomic DNA. Keep the tube in -80°C for 30 min. Spin the tubes at 14,000 rpm, 20 min 
and 4°C to precipitate the DNA. Discard the supernatant and add 1 m1 of ice cold 70% 
ethanol. Spin down for 5 min, 14,000 rpm and 4°C. Remove the supernatant and spin for 
an additional minute to remove the residual ethanol. Discard the residual ethanol 
carefully. Air dry the tubes and resuspend the pellet in 100 f-ll of IX TE buffer. Treat the 
samples with RNase A (100 f-lg/ml) for 1 hr at 3TC. Measure the concentration of 
genomic DNA. 
Fragmentation of genomic DNA by a restriction enzyme 
The resolution of mapping interaction frequencies of DNA fragments across the genome 
depends upon the number of DNA fragments. Therefore, for Hi-C, the two criteria that 
need to be taken into consideration before choosing enzyme are the number of restriction 
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fragments created by the enzyme and the overhang of an enzyme. The higher the number 
of restriction sites, the higher the resolution of interaction frequencies that can be 
obtained. In many cases, the enzyme is chosen depending on the region that needs to be 
analyzed in detail. Also, in order to fill the overhangs of an enzyme and make the ends 
blunt, the enzyme should leave a 5' overhang and not a 3' overhang. Based on the above 
criteria along with a cheap availability of the enzyme, we decided to use Hindiii for 
optimizing the protocol. You also need to make sure that when two digested and filled-in 
ends ligate, a new restriction site should be created. The new site will enable us to assess 
the quality of the Hi-C library. Also, the number of restriction sites for this new enzyme 
in genomic DNA should be low enough not to interfere in the quality check of the library. 
Average size of an E.coli genome is 4.6 million base pairs. Hindiii divides the genome 
into 556 sites thereby providing a resolution of an average of 8.3 kbp. 
Digest 2-5 J.lg of DNA in the presence of lOX NEB 2 and 400 U of Hindiii in a total 
reaction volume of 100 J!l. Incubate the reaction for 4 hr at 3TC. Run a part of the 
sample on an EtBr gel and compare the digestion pattern with a computer generated 
digestion pattern. 
Figure 38: Digestion of genomic DNA using Hindlll 
End-filling with biotinylated nucleotide 
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Hindiii leaves an overhang of 5'-AGCT-3'. Therefore, any one of the biotinylated dNTPs 
can be used in the filling reaction. To set up the filling reaction, add 6 j.tl of 2.5 mM 
dGTP, dATP, dTTP, 37.5 JJ.l of 0.4 mM of biotin-14-dCTP, 10 ul of 5U/JJ.l of Klenow 
polymerase, 7.5 j.tl of 1 OX NEB 2 and 2 j.tl of water to the digested DNA. Set up the 
reaction on ice. Incubate the reaction mix at 3TC for 75 min. Add 75 JJ.l of water for a 3C 
control. 
Troubleshooting-Biotinylation 
In order to make sure the end-filling is efficient, take 50 ng ofbiotinylated DNA and run 
it through a Chemiluminescent nucleic acid detection module according to the 
manufacturer's protocol (Thermo scientific) and make sure the biotinylation worked. Do 
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not forget to include a negative control (non-biotinylation DNA) and a positive control 
(add biotinylated nucleotide to the end of a PCR product). 
Blunt-end ligation 
After enzyme digestion and labeling ends with biotin, inactivate the enzymes by adding 
SDS (final concentration 1.5%). Incubate the mix at 65°C for 30 min and keep the 
samples on ice immediately. Set up a ligation mix by adding 750 )ll of lOX NEB T4 
DNA ligation buffer, 750 )ll of 10% Triton X-100 into a 15 ml conical tube. Transfer the 
DNA mix into the tube and add water to make the total reaction volume to 7.5 ml. 
Incubate the tube at 3TC for 1 hr to sequester SDS. Add 4000 U of concentrated NEB T4 
DNA ligase and incubate the reaction at 16°C overnight. 
Proteinase K treatment and DNA purification 
Add proteinase K (final concentration 100 Jlg/ml-1 mg/ml) and incubate the reaction mix 
at 65"C ovemight. The following day, purify the DNA using standard phenol-chloroform 
extraction protocol described elsewhere in this thesis. Resuspend the pellet in 20 )ll of IX 
TE buffer. 
Troubleshooting-Ligation 
Please note that the blunt end ligation is not very efficient. In order to test the ligation 
efficiency, design primers to amplify linear digested DNA fragment (Primer set: PL) of 
size 1-2 kbp as well as to amplify the circular ligated molecule through ligation junction 
(Primer set: Pc) (Figure 39A). Perfonn PCR with these two sets of primers in both 3C 
and Hi-C samples. The intensity of the amplicons in 3C and Hi-C describes the efficiency 
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of ligation. For example, if the ligation is 1 00% efficient, the intensity of the amplicon 
for both the sets of primers should be exactly similar. This test will give a rough 
estimation of ligation efficiency. If the ligation is not very efficient, repeat the ligation 
reaction by adding more ligase to the reaction. 
A 
•• 
Pc Pc 
B 
3C Ligation Hi-C Ligation 
Figure 39: (A) Primers to test the efficiency of ligation. (B) Efficiency of ligation in 
3C and Hi-C 
Removal of biotin and purification of DNA 
Blunt end ligation is not 1 00% efficient. It is important to get rid of the biotinylated ends 
that are not ligated because they will be pulled down during biotin pull down step thereby 
interfering with the actual ligation products. Measure the amount of DNA and set up the 
following reaction for every 2 )lg of purified DNA. Add 3 )ll of lOX BSA, 3 )ll of lOX 
NEB2, 5 )ll ofT4 DNA polymerase and ~ake up the reaction volume to 30 )ll by adding 
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water. Incubate the reaction for 1 hr at 3TC. T4 DNA polymerase chews off the 3' ends 
very fast leading to long overhangs of DNA. Therefore, to fill the overhangs add 4 ).ll of 
10 mM dNTP, 0.5 ).ll of lOX NEB2, 0.5 ).ll of lOX BSA and incubate the mix for 1 hr at 
3TC. Purify the DNA using standard phenol-chloroform extraction method. 
Troubleshooting-Removal of Biotin ends 
Removing biotin from un-ligated ends might get very tricky. The quality of Hi-C library 
is proportional to the efficiency of biotin removal. Important factors that need to be taken 
into consideration are the amount of DNA in the reaction, time and temperature of the 
reaction. The efficiency of biotin removal is inversely proportional to the number of 
biotinylated, un-ligated ends. The enzyme T4 DNA polymerase works at a range of 
temperatures ranging from 12°C to 3TC. The exonuclease activity of this enzyme 
increases with temperature. In absence of dNTPs, the enzyme shows only exonuclease 
activity. Allowing the reaction to proceed longer in the absence of dNTPs may degrade 
the DNA. Choosing inappropriate reaction conditions may lead to inefficient biotin 
removal. Therefore, it is important to optimize the amount of DNA, temperature and the 
time of the reaction for an efficient biotin removal. 
To estimate the efficiency of biotin removal, run 50 ng of DNA before and after biotin 
removal from both before and after ligation samples through biotin detection kit (Figure 
40) 
Ligation 
Exonuclease 
+ 
+ 
+ 
+ 
Figure 40: Removal of biotin from on-ligated ends 
Shearing and size selection 
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Transfer 100 f..Ll of resuspended DNA from the previous step into a covaris tube. Shear 
the DNA using covaris for 4 cycles (duty cycle-S, intensity-5, cycles/burst-200, time 
/cycle-60 sec). Purify the DNA using Qiagen PCR purification kit and resuspend the 
DNA in 30 f..Ll EB buffer. Run the DNA on an EtBr gel and size select DNA between 200-
400 bp. Extract the DNA from the gel using Qiagen Gel extraction kit. Elute the DNA in 
25 fll EB buffer. 
Troubleshooting-Size selection 
Optimize the shearing conditions such that most of the DNA is sheared down between 
100-500 bp. 
Biotin pull down 
Prepare the Dynabeads M-280 streptavidin by transferring 12.5 fll of resuspended 
Dynabeads to a 1.5 ml Eppendorf tube. Place the tube in a magnetic stand; discard the 
buffer and wash the beads thrice with 500 fll of ice-cold tween wash buffer (TWB-5 mM 
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Tris-HCl, pH 8.0; 0.5 mM EDTA; 1M NaCl; 0.05% Tween). Keep the tube on a bench 
rocker for 5 min between washes. Resuspend the beads in 25 )ll of 2X Binding and 
Washing buffer (B&W-10 mM Tris-HCl, pH 8.0; hnM EDTA; 2M NaCl). Add 25 )ll of 
the DNA to the resuspended beads and mix well. Incubate at RT for 30 min with rotation 
for capturing biotinylated DNA. Discard the supernatant and wash the beads twice with 
500 )ll of ice-cold tween wash buffer and once with ice-cold lX B&W buffer. Leave the 
beads in the buffer while you prepare for library preparation. 
Troubleshooting-Biotin pull down 
The specificity of biotin pull down depends on the composition of wash buffer and the 
process of washing itself. It was observed that the specificity can be significantly 
improved by keeping the wash buffers at ice-cold temperature and allowing the beads to 
mix properly for 5 min between washes. The quality of Hi-C library will be affected by 
pulling down non-biotinylated DNA. 
In order to keep a check on the specificity of the magnetic beads, do the pull down 
reaction with non-biotinylated DNA. After pull down, PCR the DNA bound to the beads 
and see if the DNA gets amplified. The amount of amplicon reflects the extent of non-
specificity of the beads. 
Library prep for paired end sequencing 
End repair 
After shearing the DNA, the ends may not be compatible for ligation to adapters. Repair 
the ends and make them blunt by adding end repair mix consisting of 40 ).ll water, 5 ).ll of 
lOX T4 DNA ligation buffer (NEB), 2 ).ll of 10 mM dNTP mix, 3U of T4 DNA 
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polymerase, lOU ofT4 polynucleotide kinase and lU ofKlenow DNA Polymerase to the 
beads. Mix them properly and incubate at 20°C for 30 min with rotation. Discard the 
buffer and wash thrice with ice-cold lX B&W buffer as described above. 
Add 'A' bases to the 3 ' end o(the DNA fragments 
'A' base is added to the 3' end of the blunt phosphorylated DNA fragments using the 
polymerase activity of klenow fragment (3' to 5' exo minus). This enables the DNA 
fragments for ligation to the adapters that have a single 'T' base overhang at their 3' end. 
Discard the buffer from the beads and add the mix consisting of 34 ~1 of water, 5 ~1 of 
1 OX NEB 2, 10 ~1 of 1 mM dATP and 5U of klenow exo minus enzyme. Mix properly 
and incubate at 3TC for 30 min with rotation. Remove the enzyme and wash thrice with 
ice cold lX B&W buffer. 
Ligate adapters to DNA fragments 
Ligate adapters to the DNA fragments and prepare them to be hybridized to the flow cell. 
Add a mixture of 7 ~1 water, 15 ~1 of 2X quick ligation buffer and 1 ~1 of 1.5 mM of 
TmSeq adapter for every 10 ng ofbound DNA to the beads. Mix properly and add Quick 
T4 DNA ligase last so as to prevent ligation between the adapters. Incubate the sample 
for 15 min at RT with rotation. Discard the enzyme mix and wash the beads with ice cold 
lX B&W buffer. Resuspend the beads in 15 ~1 ofEB buffer. Bead suspension will be the 
template for PCR. 
PCR reaction 
Set up a PCR reaction by adding 25 ~1 of 2X phusion PCR mix, 1 ~1 each of multiplexing 
primers 1.0 and 2.0 (25 mM), 2 ~1 of beads and 21 ~1 of water to a PCR tube. DNA is 
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amplified using the following protocol: 30 sec at 98°C; 18 cycles of: 10 sec at 98°C, 30 
sec at 65°C, 30 sec at 72°C; 5 min at 72°C and hold at 4°C. Analyze the PCR product by 
running on an EtBr agarose gel. 
Troubleshooting-PeR 
Non-specific amplification has to be avoided during PCR. It is observed that with an 
increase in the number of cycles there is a high probability of amplification of non-
specific PCR products. Do not increase the number of cycles above 18. It is 
recommended to pool multiple PCR products to get more DNA instead of increasing the 
number of cycles. 
Quality check of the amplified library 
Gel extract the amplified DNA and purify using Qiagen gel extraction protocol. Take a 
part of the DNA and digest with Nhel. Run the un-digested and digested samples on an 
EtBr gel to assess the quality of library. The quality of the library is proportional to the 
extent to which the DNA is digested. 
When two Hindiii digested and filled ends ligate, a restriction site for Nhei is created. 
Therefore, the degree of digestion of the DNA with Nhei reflects the number of filled 
ligated ends, indicative of the quality ofHi-C library. Also, the number of restriction sites 
for Nhel in genomic DNA should be low so as not to interfere in the assessment of 
quality ofthe library. 
CONCLUSIONS 
Exonuclease 30min 45 min 60 min 
Nhel 
r---'''------.1 .. , -''-------, 
+ + + 
_:: 
-~-~ · •••• 
- . . 
-
Figure 41: Digestion of Hi-C library with Nhel 
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Unlike 3C, Hi-C method allows us to map unbiased, genome wide long-range 
interactions along with providing insights on the three dimensional architecture of the 
chromosome. However, the mapping resolution totally depends on the enzyme chosen in 
the experiment. The higher the frequency of the occurrence of restriction site in the 
genome, the greater is the resolution of mapping long-range interactions. A very high 
frequency is also not recommended because a minimum size of the DNA fragment is 
needed for proper ligation. Also, the enzyme should leave a 5' overhang to be able to fill 
up the ends with a biotinylated nucleotide thereby preparing the fragments for blunt end 
ligation. 
Hi-C method consists of many steps and it is really difficult to get the protocol working 
without having clear troubleshooting steps in place after every step of the method. 
Towards that end, we decided to optimize the method on genomic DNA first before 
proceeding to the cell lysate only to understand each step better. We successfully 
optimized the method on genomic DNA and clearly described the methods for 
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troubleshooting for each step in the protocol. Therefore, it is very critical to include 
troubleshooting steps in such complex methods where lots of steps are involved. 
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